Although mast cell secretion has been intensively studied because of its pivotal role in allergic reactions and its advantages as a physiologic model, the molecular composition of the secretory machine is virtually unknown. In view of the guanine-nucleotide dependency of mast cell exocytosis and the participation of Rab3 proteins in synaptic vesicle release, we hypothesized that a Rab3 isoform regulates mast cell secretion. Fragments of Rab3A, 3B, and 3D were cloned from RBL-2H3 mast cells by reverse transcriptionpolymerase chain reaction (RT-PCR). Northern blot analysis revealed Rab3D transcripts to be relatively abundant, Rab3B substantially less so, and Rab3A and 3C undetectable. By ribonuclease (RNase) protection assay, Rab3D transcripts were at least 10-fold more abundant than those of other isoforms, and by immunoblot analysis, Rab3D protein was at least 60-fold more abundant than that of Rab3B. Rab3D was more abundant in RBL cells than in brain, but the total mass of Rab3 proteins in RBL cells was 10-fold less than in brain. Rab3D only partly colocalized with secretory granules in RBL cells, but fully colocalized in mature peritoneal mast cells. There was a descending concentration gradient of Rab3D from peripheral to central granules, and no cytoplasmic pool was detectable in resting mast cells. Following exocytotic degranulation, Rab3D translocated to the plasma membrane and remained there for at least 15 min. These studies suggest that Rab3D is a component of the regulated exocytotic machine of mast cells, and identify differences between mast cells and neurons in Rab3 expression and trafficking. Tuvim, M. J., R.
However, the molecular identity of the target of GTP Y S in mast cell exocytosis remains unknown and its regulatory pathway unexplored. Rab3 proteins are candidate targets because of their implication in regulated exocytosis by several lines of evidence: They are physically associated with secretory organelles in a variety of cells (5) (6) (7) (8) (9) (10) , their GTPase cycle is temporally associated with synaptic vesicle release (5, 11) , changes in Rab3 expression are associated with changes in exocytotic function in a variety of cells (6, (12) (13) (14) (15) (16) (17) (18) , and Rab3 "effector region" peptides induce mast cell exocytosis (19) .
Despite this evidence for the regulation of exocytosis by Rab3, there has been reluctance to infer that Rab3 proteins can be activated by GTP Y S, because other Rab-dependent vesicular transport processes are inhibited by GTP Y S (20) (21) (22) (23) (24) . By analogy with the inhibition of protein synthesis by GTP Y S, Rab function in vesicle transport was postulated to be conditional on GTP hydrolysis (25) . However, more recent experiments have resolved this paradox. Rab mutants defective in GTP hydrolysis (26) (27) (28) , Rab proteins preloaded with GTP Y S (29) , and Rab mutants with switched nucleotide specificity that can be selectively targeted by xanthine nucleotides (30, 31) each stimulated vesicle trans-port. Thus, Rab proteins appear universally to be active when liganded with triphosphate nucleosides, and the inhibitory effect of GTP Y S in some transport assays appears to be due to binding to other GTPases, such as ARF proteins (31) . Rab3 proteins have therefore reemerged as plausible targets of GTP Y S in mast cell exocytosis.
Four isoforms of Rab3 (A to D) have been identified in mammalian cells, and these are highly conserved across species (Figure 1 ). Comparing all known isoforms regardless of the species of origin, Rab3 isoforms are 72% to 83% identical to each other at the amino acid level, but less than 50% identical to other Rab proteins. Rab3A and Rab3C are primarily expressed in the nervous system (11) , whereas Rab3B and Rab3D have been found in endocrine, exocrine, epithelial, and fat cells (7, 8, 32, 33) . Although functional studies of Rab3 isoforms suggest that they participate in regulated exocytosis (see the preceding discussion), their molecular physiology remains poorly understood. The mast cell has unique advantages for the analysis of exocytosis that promise novel insight into the function of Rab3 proteins (34) (35) (36) . As part of this analysis, we determined the expression and intercompartmental trafficking of Rab3 proteins in mast cells.
Materials and Methods

Cell Culture and Measurement of Secretion
RBL-2H3 cells (hereafter referred to as "RBL cells"), antidinitrophenol (anti-DNP) immunoglobulin E (IgE)
, and DNP-bovine serum albumin (DNP-BSA) were gifts from Dr. Fu-Tong Liu (La Jolla Institute for Allergy and Immunology, San Diego, CA). Cells were grown in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (Life Technologies, Gaithersburg, MD), and were subcultured every 3 to 4 d when confluent. Their secretory phenotype was assessed by measurement of antigen-induced ␤ -glucuronidase release as follows: 48-well plates were coated with fibronectin (37) , and ‫ف‬ 400,000 RBL cells were aliquoted per well. Anti-DNP IgE was added to a final concentration of 1 g/ml, and the cells were incubated overnight. Medium was then replaced with 1,4-piperazinediethanesulfonic acid (PIPES) buffer (25 mM PIPES, pH 7.0; 1 mM CaCl 2 ; 100 mM NaCl; 5 mM KCl; 0.4 mM MgCl 2 ; 5.6 mM glucose; 0.1% BSA), and secretion was triggered by 20 ng/ml DNP-BSA. After 30 min, ␤ -glucuronidase activity of cell supernatants and 5% Triton X-100 lysates was measured spectrophotometrically at 540 nm as the hydrolysis of phenolphthalein glucoronic acid (38) .
Rat peritoneal mast cells were obtained from adult Sprague-Dawley rats anesthetized with ketamine (42.8 mg/ ml)/xylazine (8.6 mg/ml)/acepromazine (1.4 mg/ml; 3 ml/ kg), decapitated, and exsanguinated. The peritoneal cavity was then opened with a midline incision and lavaged with iced 4-(2-hydroxyethyl)-1-piperazine-N Ј -2-ethanesulfonic acid (HEPES)-Tyrode's buffer with heparin (HTH) (137 mM NaCl; 2.7 mM KCl; 0.4 mM NaH 2 PO 4 ; 1 mM CaCl 2 ; 10 mM HEPES, pH 7.4; 0.1% BSA; 5.6 mM glucose; 30 U/ ml heparin). Pooled cells from six to 10 rats were pelleted by centrifugation at 400 ϫ g for 15 min, resuspended in 10 ml HTH, and layered over 30% (20 ml) and 80% (15 ml) Percoll (Pharmacia LKB, Piscataway, NJ) step gradients in HTH and centrifuged at 600 ϫ g for 18 min at 15 Њ C. The cell pellet was resuspended in HTH and the Percoll gradient centrifugation was repeated. The pellet from the second centrifugation was resuspended in 50 ml phosphate-buffered saline (PBS)-1.2% sucrose, centrifuged at 400 ϫ g , and resuspended in PBS. Mast cell purity (typically Ͼ 95%) was assessed by phase-contrast microscopy, in which abundant large, refractile cytoplasmic granules Figure 1 . Alignment of Rab3 isoforms. The inferred amino acid sequences of all known mammalian isoforms of Rab3 are aligned with H-Ras. Accession numbers are listed after each protein's name, conserved G-domains are shaded, the regions corresponding to the Rab3-specific PCR primers used herein are doubleunderlined, the peptide antigen used for the Rab3D-specific antiserum is shown in outline (8, 52) , and the mapped epitope of pan-Rab3 monoclonal antibody 42.1 is underlined (45) . The rat Rab3B sequence is a composite of a previously cloned fragment (47) and the PCR product reported in this article. The rat Rab3D sequence was originally reported as Rab16 (43) , but is 98% identical to mouse Rab3D when corrected for two sequencing errors that resulted in a local frameshift encompassing 12 amino acids (a missed guanine in the first position of the codon for alanine 97, and extra cytosine in the codon for glutamine 110).
served as a criterion, and by Alcian blue staining of the secretory granules.
RNA Purification
RNA was isolated from RBL cells detached with trypsinethylenediamine tetraacetic acid (EDTA) and collected by centrifugation at 400 ϫ g for 5 min, and from brains and lungs rapidly excised from 150-to 200-g Sprague-Dawley rats killed by CO 2 suffocation and exsanguination. Total cellular RNA was isolated on a guanidine thiocyanate/ CsCl gradient, extracted twice with phenol/chloroform, and ethanol precipitated. RNA was dissolved in 0.1% diethylpyrocarbonate (DEPC)-treated water, quantified by measuring absorbance at 260 nm, evaluated for degradation by agarose-formaldehyde gel electrophoresis, and frozen until used. Messenger RNA (mRNA) was isolated from total RNA by oligodeoxythymidine (oligo-dT) cellulose chromatography (poly[A]Pure; Ambion, Austin, TX).
Polymerase Chain Reaction Amplification of Rab3 Isoform Complementary DNA Fragments
Two micrograms of RBL cell poly(A)
ϩ RNA was reverse transcribed with 125 U of Moloney murine leukemia virus (MMLV) reverse transcriptase (New England BioLabs, Beverly, MA) in a 50-l reaction containing 2.5 g each of (dT) 18 and random octamers, 1 mM of each deoxynucleotide triphosphate (dNTP), and 40 U of ribonuclease inhibitor (RNAsin) (Promega, Madison, WI) at 37 Њ C for 30 min, 42 Њ C for 30 min, and 50 Њ C for 15 min. The polymerase chain reaction (PCR) was performed with 1 l of AmpliTaq (Perkin-Elmer Cetus, Norwalk, CT) in 100 l of reaction buffer supplemented with 1.5 mM MgCl 2 , 10% (vol/ vol) dimethylsulfoxide (DMSO), 1 M of each primer, 50 M of each dNTP, and 1 l of the reverse transcription (RT) reaction product as template. The 5 Ј primer was GCACAGTGGGCATCGACTTCAAGGT, and the 3 Ј primer was CAGACCTTTGAGCGCTTGGTGGAT. The PCR consisted of six cycles at 94 Њ C for 1 min, ramping to 49 Њ C in 3 min, 49 Њ C for 1 min, and 72 Њ C for 1 min, followed by 24 cycles at 94 Њ C for 1 min, 65 Њ C for 1 min, and 72 Њ C for 1 min, with a final extension at 72 Њ C for 6 min. The product was purified by agarose gel electrophoresis and ligated into the pCR-II vector (Invitrogen, San Diego, CA). DH5 ␣ cells were transformed with the ligation mixture and colonies were selected for sequencing. A cognate fragment of Rab3C was cloned from rat brain poly(A) ϩ RNA by RT-PCR, using the same primers and reaction conditions as previously described.
Northern Blot Analysis 32 P-labeled riboprobes were generated by transcription of linearized pCR-II plasmid cDNAs for 2 to 3 h at 37 Њ C in a 20-l reaction mixture containing 10 g DNA; 1 U/ l RNasin; 20 mM dithiothreitol (DTT); 0.1 mg/ml BSA; guanosine triphosphate (GTP), adenosine triphosphate (ATP), and uridine triphosphate (UTP) at 500 M each; 12 M cytosine triphosphate (CTP); 9 M [ ␣ - IN) were then added for an additional 15 min, and the probe was purified on a Nick Spin column (Pharmacia LKB). cRNA hybridization controls were generated in a 50-l reaction containing 4 g DNA, 1 U/ l RNasin, 20 mM DTT, 0.1 mg/ml BSA, each NTP at 500 M, 2.8 M [
3 H]UTP (35 Ci/mmol; ICN, Irvine, CA), and either 10 U SP6 RNA polymerase (New England Biolabs) or 20 U T7 RNA polymerase in 1 ϫ RNA polymerase buffer. Reactions were incubated for 4 h at 40 Њ C for SP6 or at 37 Њ C for T7. Ten units of DNAse I were then added, and the cRNA was purified on a Nick Spin column. cRNA and mRNA were fractionated in 0.9% agarose/ formaldehyde gels, and blotted onto Nytran ϩ (Schleicher & Schuell, Keene, NH) or Zeta-Probe (Bio-Rad, Hercules, CA) membranes. RNA was cross-linked to the membranes by UV irradiation and hybridized with riboprobes (1 to 2 ϫ 10 6 cpm/ml) at 42 Њ C overnight in 50% formamide, 5 ϫ Denhardt's solution, 0.15 mg/ml sonicated salmon-sperm DNA, 5 ϫ saline-sodium phosphate-EDTA buffer (SSPE), and 7% sodium dodecyl sulfate (SDS). Blots were then washed at room temperature with several changes of 2 ϫ standard saline citrate (SSC)/0.05% SDS, and at 65 Њ C for 40 min with two changes of 0.1 ϫ SSC/0.1% SDS. Bound riboprobes were detected by autoradiography.
RNase Protection Assay
Vectors containing the PCR-cloned Rab3 fragments were linearized with Bam HI for T7-directed synthesis of riboprobes, or with Xba I for SP6-directed RNA synthesis. cRNA controls were generated as described above, using 6 g DNA. Riboprobes were transcribed as previously described using 3 g DNA and 12.5 M [ ␣ -32 P]CTP (800 Ci/ mmol; Amersham), and full-length transcripts were isolated by gel purification in 5% acrylamide/8 M urea gels. RNase protection assays were performed with the RPA II kit (Ambion). Cognate cRNA (0.1 pmol) and yeast RNA were used as positive and negative controls. Each experiment contained 1 pmol riboprobe, and was supplemented with yeast RNA to provide a total of 40 g RNA. Hybridization was done overnight at 45 Њ C. Protected probes were electrophoresed through 5% acrylamide/8 M urea gels and visualized with autoradiography.
Western Blot Analysis
Brains, lungs, and pancreas were excised from freshly killed rats and placed in a fivefold (wt/vol) excess of icecold lysis buffer (10 mM Tris-HCl, pH 7.4; 10 mM NaCl; 5 mM EDTA; and 0.2 mM phenylmethylsulfonyl fluoride [PMSF]). Tissue was finely ground with an Ultra-Turrax T25 rotor/stator homogenizer (IKA Works Inc., Wilmington, NC), using successive 3-s bursts at 13,500 rpm, 20,000 rpm, and 24,000 rpm, respectively, and were then quickly frozen in liquid nitrogen and stored at Ϫ 80 Њ C. RBL cells were lysed by sonication in three 15-s pulses in lysis buffer. The protein mass of cell and tissue homogenates was measured by Coomassie blue binding (39) . Human Rab5A and Rab3A proteins were expressed in Escherichia coli and purified as described (26) . Rat Rab3A (a gift of Dr. Ian Macara of the University of Vermont, Burlington, VT), human Rab3B (a gift of Dr. Kevin Kirk of the University of Alabama, Birmingham, AL), and mouse Rab3D (a gift of Dr. Giulia Baldini of Columbia University, New York, NY) cDNAs were subcloned into the pGEX-2T vector (Pharmacia LKB) and purified on glutathione-Sepharose 4B columns (Pharmacia LKB). The mass of glutathione-Stransferase (GST)-Rab3 fusion proteins was determined by laser densitometry of Coomassie blue-stained acrylamide gels, using BSA as a standard.
Recombinant proteins and homogenates were electrophoresed through 12% acrylamide gels, electrotransferred at 30 V overnight to Immobilon-P membranes (Millipore, Bedford, MA), and blocked with 5% BSA in TBST (0.05% Tween-20; 10 mM Tris-HCl, pH 8; 150 mM NaCl). Blots were incubated in blocking buffer for 1 h at room temperature with primary antibodies as follows: pan-Rab3 monoclonal antibody 42.1, raised against Rab3A (a gift of Dr. Reinhard Jahn of Yale University, New Haven, CT), used at 1:5,000 dilution ( Figure 1) ; affinity-purified antipeptide antibody against Rab3D (a gift of Dr. Jack Valentine of Yale University, New Haven, CT), used at 1:2,000 ( Figure 1) ; and pan-Rab3 polyclonal antiserum raised against Rab3B (a gift of Dr. Kirk), used at 1:500. This last antibody is 10-fold more reactive on Western blots against GST-Rab3B than against GST-Rab3A or GST-Rab3D. After preadsorption by diluting 30 l of serum to 100 l with PBS and incubating for 12 h at 4 Њ C with 50 l each of undiluted glutathione-sepharose 4B saturated with GSTRab3A and glutathione-sepharose saturated with GSTRab3D, the serum had no demonstrable reactivity against GST-Rab3A or GST-Rab3D. Blots with primary antibody bound were washed six times with TBST and developed with a chemiluminescence kit, using horseradish peroxidaseconjugated secondary antibodies at 1:10,000 (Amersham).
Immunocytochemistry RBL cells were grown on glass coverslips for 8 d in the presence of 100 M quercetin to increase granule expression (40) . Peritoneal mast cells were air-dried on poly-Llysine-coated coverslips. RBL cells and mast cells were then fixed, permeabilized, and incubated with primary antibodies as described (41) . Monoclonal antibodies against AD1 antigen (a gift of Dr. Reuben Siraganian of the National Institutes of Health, Bethesda, MD) and rat mastcell protease II (RMCP II) (157/94; Moredun, UK) were diluted 1:200; polyclonal anti-Rab3B and anti-Rab3D antibodies were diluted 1:50. After three washes in PBS, secondary antibodies (Molecular Probes) were diluted 1:200 in the same buffer as used with the primary antibodies and incubated with the specimens in darkness for 1 h. The coverslips were again washed and were then mounted with Mowiol containing 10% 1,4-diazobicyclo-[2.2.2]-octane, after which they were allowed to dry overnight in darkness. Fluorescein isothiocyanate (FITC)-avidin (Molecular Probes) was used at 10 g/ml to stain secretory granules (42) . Epifluorescent images were acquired with a Nikon Optiphot 2 microscope (Melville, NY) with a photographic camera or a Zeiss Axiophot (Thornwood, NY) with a Hamamatsu C5810 CCD camera (Bridgewater, NJ). To detect simultaneously the distribution of two different markers, stained cells were analyzed in a Molecular Dynamics Multiprobe 2001 CLS confocal imaging system (Sunnyvale, CA) attached to a Zeiss Axiovert 100 microscope.
Results
Assessment of the Secretory Phenotype of RBL Cells
RBL cells are transformed rat mucosal mast cells that have been widely used in functional studies and for cDNA cloning of mast cell-specific proteins. However, we found that their secretory activity declined with time in culture. Antigen-stimulated ␤-glucuronidase release was therefore periodically assessed to insure that Rab3 expression was evaluated in secretion-competent cells (Figure 2 ).
PCR Amplification of Rab3 Isoforms
RT-PCR was performed to generate probes of known or novel mast cell Rab3 isoforms for use in mRNA expression studies. We designed PCR primers that had an average 87% identity with the four known rat Rab3 cDNAs (Rab3A, 92% and 87%; Rab3B, 88% and unknown; Rab3C, 84% and 83%; Rab3D, 96% and 79%), but only ‫ف‬ 40% identity with other Rabs. The 5Ј primer corresponded to the "effector" domain, and the 3Ј primer corresponded to the Rab3-specific, but isoform-nonspecific, portion of the C-terminus (Figure 1 ). PCR amplification of RBL cell reverse transcripts yielded the predicted 385-bp product (not shown). A restriction digest of the product with the frequent cutter HinfI produced multiple fragments that did not sum to 385 bp (not shown), suggesting that more than one molecular species was present. The PCR product was then subcloned, and the inserts of 27 colonies were sequenced; of these, 17 were identical to rat Rab3D, nine were identical to rat Rab3A, and one was 98% identical at the amino acid level to human Rab3B, and overlapped a recently cloned fragment of rat Rab3B (Figure 1 ). PCR amplification of rat brain reverse transcripts to obtain a Rab3C probe yielded 385-bp Rab3A and Rab3C fragments (not shown). (15) . Lung mRNA was included as a control because it is enriched with Rab3D transcripts (33, 43) ; it hybridized strongly at 2.0 kb, and faintly at 2.6 and 4.0 kb. There was no hybridization to RBL cell mRNA at 1.4 kb, the size of rat brain Rab3A (15, 43) , even though there was strong hybridization to control brain mRNA (Figure 3) , and there was no hybridization at 9.5 kb, the size of rat Rab3C (44). Rab3A and Rab3C riboprobes similarly detected the 3.2-kb and 2.0-kb Rab3D transcripts in RBL cells, but not the 1.1-kb Rab3B transcript or their own cognate transcripts (not shown). Together, these results suggested that Rab3D transcripts of 3.2 and 2.0 kb are relatively abundant in RBL cells, that a Rab3B transcript of 1.1 kb is considerably less abundant, and that Rab3A and Rab3C transcripts are expressed at very low levels, if at all.
Northern Blot Analysis
To identify Rab3 transcripts in RBL cells and estimate their relative expression, Northern blotting was done with riboprobes transcribed from the PCR products. In preliminary experiments, the relative efficiency of probe hybridization to cognate and noncognate Rab3 isoforms was assessed with serial dilutions of blotted cRNAs for all four Rab3 isoforms. This varied from no apparent distinction between cognate and noncognate isoforms on some occasions to threefold more efficient hybridization to cognate cRNA on other occasions (not shown). A Northern blot done with the Rab3B probe revealed three Rab3 transcripts in RBL cells, of approximately 3.2, 2.0, and 1.1 kb in length, respectively (Figure 3). These corresponded to the following transcripts described in other rat tissues: 3.2 for Rab3D in pancreatic islet cells (6), 2.0 kb for Rab3D in brain (43), and 1.1 kb for Rab3B in pituitary
RNase Protection Assay
To assess quantitatively Rab3 mRNA isoform expression, we performed RNase protection assays. In preliminary studies, it was found that the cRNA of each Rab3 isoform protected its cognate probe in a concentration-dependent manner, but failed to protect noncognate probes (not shown). With 40 g of total RNA from RBL cells, only the Rab3D probe was protected, but its autoradiographic band was faint (not shown); poly(A) ϩ RNA was then used to increase the sensitivity of the assay. A signal was evident for the Rab3D probe with only 1.6 mg of poly(A) ϩ RNA when no signal was apparent for the other probes with 8 g of poly(A) ϩ RNA (Figure 4) , and in overexposed autoradiograms, the Rab3D probe was seen with as little as 0.8 g of poly(A) ϩ RNA (not shown). This indicated that Rab3D transcripts are at least 10-fold more abundant in RBL cells than transcripts of other Rab3 isoforms.
Western Blot Analysis
A pan-Rab3 monoclonal antibody was used to compare total Rab3 expression in RBL cells with that in other tissues. Monoclonal antibody 42.1 was raised against Rab3A, but is known also to recognize Rab3B and Rab3C (45) , and in preliminary experiments we demonstrated that it recognizes recombinant Rab3D as well (not shown). It was more immunoreactive at 24 kD (the predicted mass of Rab3 proteins) against 3 g of rat brain than against 100 g of RBL cell lysate or 30 g of pancreas, a tissue known to express Rab3D (7, 8) ( Figure 5 ). To determine whether the ‫ف‬ 100-fold greater Rab3 immunoreactivity in brain than in RBL cells accurately reflected total relative Rab3 protein concentration, we assessed the relative immunoreactivity of antibody 42.1 toward Rab3 GST-fusion proteins, and found this antibody to be ‫ف‬ 10-fold more reactive toward Rab3A than toward Rab3B or Rab3D (not shown). Since Rab3D is the major Rab3 isoform in RBL cells, whereas Rab3A is the major isoform in brain, this result suggested that total Rab3 proteins are ‫ف‬ 10-fold more concentrated in brain than in RBL or mast cells. This difference is not due to the immaturity of RBL cells, because immunoreactivity to rat peritoneal mast cells was similar to RBL cells (not shown).
The expression of different Rab3 isoforms in RBL cells was measured with isoform-specific antibodies. Despite the relatively low concentration of total Rab3 proteins in RBL cells (Figure 5 ), Rab3D-specific antibodies had greater reactivity at 24 kD to RBL cells than to brain (arrow in Figure 6 ). The major 24-kD bands in brain and RBL cells coincided with major bands identified when the same blot was reprobed with monoclonal antibody 42.1 (not shown). Multiple breakdown products of recombinant Rab3D, visible in the bacterial lysate (last lane), were presumed to have come from C-terminal degradation, since the antibody used for detection was directed against the N-terminus. The mobility of intact recombinant Rab3D is less than that of Rab3D in eukaryotic tissues, owing to the lack of prenylation in the bacterial system (26) . The slightly lower mobility of the major band in pancreas than in brain and RBL cells has been previously described (8) .
Titration of Rab3D immunoreactivity against GSTRab3D standards ( Figure 7 ) yielded a concentration of 30 pg Rab3D per g of RBL cell lysate (28 and 32 pg/g in two separate experiments). The specificity of the Rab3D antibodies was confirmed because they failed to react with 100-fold more GST-Rab3A or GST-Rab3B than GSTRab3D (not shown). Similarly, a polyclonal antiserum raised against Rab3B and preadsorbed with GST-Rab3D and GST-Rab3A failed to react with 300-fold more GSTRab3A or GST-Rab3D than GST-Rab3B (not shown). These Rab3B antibodies failed to detect more than 0.5 pg Rab3B per g of lysate (not shown), and at this level it was not possible to determine whether the weak reactivity was due to Rab3B, cross-reactivity with Rab3D, or nonspecific interaction with an unrelated protein. Quantitative immunoblot analyses of Rab3A and Rab3C expression were not performed because no transcripts of these isoforms were detected by Northern blot analysis or RNase protection assay (see the previous discussion). These studies indicated that Rab3B protein is present in RBL cells at a concentration no higher than 1/60 that of Rab3D.
To assess the membrane/cytoplasmic distribution of Rab3D in resting peritoneal mast cells, cells were lysed by freeze-thawing, fractionated by centrifugation in a Beckman Airfuge for 4 min at 30 psi ‫ف(‬ 180,000 ϫ g), and Western blotted. All of the Rab3D immunoreactivity of total lysate was found in the pellet (not shown).
Granular Localization and Translocation of Rab3D
RBL-cell secretory granules were visualized by immunofluorescence microscopy, using monoclonal antibodies specific for the granule membrane protein AD1 ( Figure 8A ) and the secretory protease RMCP-II ( Figure 8B ). These antibodies demonstrated punctate structures in the perinuclear region and in elongated cytoplasmic processes. The largest RBL cell granules were approximately 1 m in diameter, which is typical of the size of mature mast cell granules, but most were substantially smaller. Control antibodies, including nonimmune primary sera, irrelevant primary antibodies, or secondary antibodies alone, all failed to generate punctate immunofluorescence (not shown). The morphology of the RBL cells, ranging from polygonal or rounded to elongate with lengthy dendritic processes, varied with cell density and time in culture. Inclusion of quercetin in the culture medium substantially increased the number of cells containing immunocytochemically apparent granules and the number of granules per cell. Both the pan-Rab3 polyclonal antiserum when added prior to preadsorption against GST-Rab3D ( Figure 8C ), but not after preadsorption (not shown), and antibody specific for Rab3D ( Figure 8D ), yielded punctate immunofluorescence similar to that seen with the granule markers. Scanning laser confocal microscopy of RBL cells, done to examine the colocalization of Rab3D and the secretory granule marker RMCP-II, showed both proteins in structures of similar size and distribution ( Figures 9A to 9C) . However, most granules stained with only one antibody. Since partial colocalization of the two proteins might have been due to the immaturity of RBL cells, we next examined mature peritoneal mast cells. This revealed essentially complete colocalization of punctate Rab3D staining with the refractile ctyoplasmic granules seen by phasecontrast microscopy ( Figure 10A ) or the FITC-avidin fluorescence by laser confocal microscopy ( Figures 9D to  9F ). Virtually all granules in all cells examined showed staining by both Rab3D antibodies and FITC-avidin. A similar result was obtained with the pan-Rab3 polyclonal antiserum (not shown). A decreasing gradient of Rab3D from the cell periphery to the center was observed with confocal microscopy in all mast cells examined ( Figure  9D ), but no such gradient of FITC-avidin was seen (Figure 9E) . This difference was reflected in the green color seen at the center of the cell in the merged image, the predominantly yellow color at an intermediate distance from the cell center, and the red color at the cell periphery (Figure 9F) .
Approximately one-third of fixed mast cells showed Rab3D immunoreactivity in a linear distribution at the cell periphery, and were smaller than the fully granulated cells (Figures 10A and 10B) . We surmised that these were mast cells that degranulated in response to physical forces during fixation, resulting in a reduction in cell volume and translocation of Rab3D to the plasma membrane. To confirm that Rab3D translocates upon exocytosis, peritoneal mast cells (not shown) and RBL cells ( Figure 10C ) were allowed to bind IgE overnight and then triggered with specific antigen. Fifteen minutes after the addition of antigen, virtually all of the cells displayed linear peripheral Rab3D staining. RBL cells rather than mast cells are shown because of the striking difference from unstimulated cells, in which peripheral, linear Rab3D immunofluorescence was never observed ( Figure 8D ). 
Discussion
Rab3 Expression in RBL Cells and Mast Cells
Our Northern blot and RNase protection studies indicate that Rab3D is the major Rab3 isoform in RBL cells, and that Rab3B is also expressed, but at very low levels. These relative expression levels were reflected in our RT-PCR cloning of 17 colonies of Rab3D-containing cells for a single colony of Rab3B; however, the nine colonies of Rab3A-containing cells were not reflected in either of our mRNA expression studies. The reason for this discrepancy is not apparent, because there was no difference in PCR primer match with the four isoforms of Rab3, but RT-PCR is well-recognized for not yielding quantitative results unless specifically controlled for this purpose (46) . Rab3B and Rab3D, but not Rab3A, were similarly cloned by RT-PCR from rat peritoneal mast cells by another group (47) , although transcript or protein levels were not quantified. During preparation of our manuscript, a third group cloned Rab3A and Rab3D, but not Rab3B, by RT-PCR from RBL cells (18) . This last group also detected Rab3A transcripts by RNase protection assay at a level 1/ 10 those of Rab3D, which is consistent with our results, and identified but did not quantify Rab3A protein expression by immunoblotting.
The concentration of total Rab3 proteins in brain is approximately 10-fold higher than RBL cells ( Figure 5 ). This difference is not due to the immaturity of RBL cells, because the level of Rab3 proteins in peritoneal mast cells is similar. Rather, the difference might be explained if a fixed number of Rab3 molecules is required for each secretory vesicle, because synaptic vesicles are considerably smaller and more numerous than mast cell secretory granules. Alternatively, the more frequent secretory activity of neurons than of mast cells may require a larger pool of Rab3 proteins.
Rab3D Trafficking in RBL Cells and Mast Cells
In resting RBL and mast cells, we found Rab3D localized to secretory granules, as is consistent with the localization of Rab3 proteins to secretory organelles of other cell types (5-10). Regulated secretory vesicles can be viewed as "transport vesicles" between the trans-Golgi network and the plasma membrane. The predominant association of Rab3 proteins with transport vesicles in the resting state differs from the predominant steady-state association of Rab5 with its target organelle, the early endosome (27, 41) , or of the constitutive yeast exocytotic protein Sec4 with plasma membrane (48) . This distinct partitioning of different Rab proteins likely reflects differences in the transit times of the individual steps of a conditional transport process (viz., regulated exocytosis) from those of constitutive transport processes (viz., endocytosis or constitutive exocytosis).
In RBL cells, Rab3D only partly colocalizes with the secretory protease RMCP-II, even though the size and spatial distribution of granules containing each protein are similar (Figures 8 and 9 ). It is possible that Rab3D and RMCP-II are predominantly associated with different maturational stages of secretory granules, since the accumulation of proteases within mast cell granules can be highly variable and is dependent on external signals (49) . In peritoneal mast cells, Rab3D is closely associated with the large, mature secretory granules (Figures 9 and 10 ). Of interest is that a decreasing gradient of Rab3D from peripheral to central granules was clearly visible (Figures 9D to 9F ). This may correlate with previous morphologic and physiologic observations of mast cell secretion by cumulative exocytosis, whereby peripheral granules first fuse with the plasma membrane and central granules then fuse with peripheral granules (34, 50) . It is thus possible that Rab3D functions predominantly in heterotypic granule-plasma-membrane fusion rather than in homotypic granule-granule fusion.
Rab3D translocates to the plasma membrane of mast cells and RBL cells following exocytotic degranulation (Figure 10) . Translocation of a Rab3 protein in response to a physiologic stimulus has not previously been observed, although translocation of Rab3A in neurons was induced by venom of the black widow spider (5). Spider venom was used because it also blocks endocytosis, thereby trapping Rab3A in the plasma membrane to overcome the rapid membrane recycling of neurons. After translocation in mast Figure 10 . Localization of Rab3D in peritoneal mast cells and in activated RBL cells. Rat peritoneal mast cells were allowed to air dry on glass slides, labeled with antibodies to Rab3D, and imaged with phase-contrast microscopy (A) or with indirect immunofluorescent microscopy using Texas red-conjugated secondary antibodies (B). RBL cells cultured on coverslips were activated for secretion by cross-linking bound IgE with specific antigen (C), as in Figure 2 . After 15 min the cells were fixed, labeled with antibodies to Rab3D, and imaged using Texas red-conjugated secondary antibodies. cells, Rab3D presumably is extracted by guanine nucleotide dissociation inhibitor (GDI) for recycling through the cytoplasm, as are other Rab proteins (2, 4, 51) . However, the stable morphologic association of Rab3D with plasma membrane at 15 min after stimulated exocytosis ( Figure 10C ) suggests that this is a slow process if it occurs at all. We found no cytoplasmic pool of Rab3D in resting mast cells, nor did another group find any within 30 min of activation (18) . This contrasts with cytoplasmic pools of approximately 20% of Rab3A in neurons (10) and 15% of Sec4 in yeast (48) . The last two types of cells have continuous high levels of secretory activity that are likely to require continuous recycling of secretory Rab proteins, whereas mast cells can remain quiescent for long periods and slowly regranulate after activation. The different kinetic requirements of mast cells may favor a distinct Rab3 retrieval system.
Rab3D Function in Mast Cells
All Rab3 isoforms examined so far modulate regulated exocytotic events, but their precise role(s) remain unclear. Overexpression of Rab3A (6, 12-14, 17, 18) or Rab3D (18) was found to inhibit regulated exocytotic events, whereas overexpression of Rab3B promoted (14) and supression of Rab3B expression inhibited them (15) . It is possible that these apparently opposing activities are isoform-specific, but it is also possible that they reflect differences in experimental design. For example, the observed increase in quantal neurotransmitter release from individual synapses of Rab3A knockout mice was interpreted as paradoxically resulting from a reduction in synaptic vesicle fusion efficiency (16) . However, the postsynaptic assay used in this latter study cannot prove this interpretation. The mast cell is an ideal experimental model for the direct measurement of exocytosis through a patch pipette by changes in membrane capacitance (34) (35) (36) . This is because the large size of mast cell secretory granules permits kinetic analysis of individual fusion events, and because mast cells undergo nearly complete degranution upon stimulation. Knowledge of the expression and subcellular trafficking of Rab3D reported herein will allow its rational manipulation in mast cells to assess its role in exocytic fusion.
